Understanding the relationship between animal community dynamics and landscape structure has become a priority for biodiversity conservation. In particular, predicting the effects of habitat destruction that confine species to networks of small patches is an important prerequisite to conservation plan development. Theoretical models that predict the occurrence of species in fragmented landscapes, and relationships between stability and diversity do exist. However, reliable empirical investigations of the dynamics of biodiversity have been prevented by differences in species detection probabilities among landscapes. Using longterm data sampled at a large spatial scale in conjunction with a capture-recapture approach, we developed estimates of parameters of community changes over a 22-year period for forest breeding birds in selected areas of the eastern United States. We show that forest fragmentation was associated not only with a reduced number of forest bird species, but also with increased temporal variability in the number of species. This higher temporal variability was associated with higher local extinction and turnover rates. These results have major conservation implications. Moreover, the approach used provides a practical tool for the study of the dynamics of biodiversity.
With the destruction and reduction of forest habitat around the world, biological diversity of many areas is threatened and showing potentially dramatic declines (1) (2) (3) . The reduction of suitable habitat area and the fragmentation of habitats into smaller patches are likely to increase the probability of local extinction of some species and to reduce species richness (4, 5) . Once a landscape has been altered in this manner, the stability of the remaining communities also may be affected by the degree of habitat fragmentation. As habitats undergo fragmentation, it is important not only to investigate associated changes in species diversity, but also to understand the temporal variability of biodiversity in the remaining fragmented landscapes.
The relationship between stability of ecological communities and factors associated with decreases of community diversity has long been an important and much-debated theoretical and empirical issue (6) (7) (8) (9) (10) (11) (12) (13) . Relationships between environmental complexity and temporal changes in communities may differ depending on the spatio-temporal scales and the taxa considered. In the context of increasing concerns about potential effects of habitat changes at the landscape scale, several studies have investigated the relationship between local species richness and habitat patch size (4, 5) , but few studies have considered temporal variability in species richness (14) , and none has asked whether such variability could be attributed to landscape structure. Habitat fragmentation may affect bird populations and communities through different, although not necessarily mutually exclusive, mechanisms: through reduction in the amount of suitable habitat (15) (16) (17) , through isolation of habitat patches, resulting in reduction in immigration/emigration that can lead to higher probabilities of local extinction (4, 5, (18) (19) (20) (21) , and through increased exposure to negative biotic factors associated with small patch size such as predation and brood parasitism (22, 23) . The influence of these effects will depend on the species. Previous workers have shown that forest breeding bird species in the eastern U.S. states can be classified as area-sensitive and non-area-sensitive, based on the importance of forest patch size to their presence and persistence (24, 25) .
In the present study, we merged data from two independent large-scale monitoring efforts, the North American Breeding Bird Survey (BBS) and the Land Use and Land Cover Classification of the U.S. Geological Survey, to test the prediction that higher temporal variability in species richness of area-sensitive species should be found in more fragmented landscapes. This prediction emerges from the expectation that fragmentation will cause decreases in species richness and increases in local extinction probabilities. Although species local colonization probabilities will tend to be smaller in fragmented habitats, these probabilities should be applied to larger numbers of species (there are more potential colonists in unsaturated habitats), frequently leading to more colonizing species. Equilibrium and nonequilibrium models incorporating these relationships lead to the prediction of higher temporal variability in species richness in more fragmented landscapes.
One important methodological problem faced when working on temporal changes of animal communities is that the probability of detecting a species may vary among species, time periods, and areas (26) . If this is the case, and if total counts of individuals or species observed are used to estimate temporal variation (as has been done in most published studies, cf. refs. [27] [28] [29] , then the results of such analyses may be misleading. For example, the number of species observed at a given time in an area associated with a given level of forest fragmentation is determined by the presence of individuals of the species and also by the probability of their detection by the observer. In most surveys involving the sampling of an extensive number of locations, the probability of detecting the species present is very likely to be smaller than one. The probability of species detection on routes of the BBS varies among species and among states (26) . One way of estimating the number of species present in an area is to use a capturerecapture approach relying on the pattern of detection/ The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. nondetection of species in a series of temporal or spatial sampling replicates (26, (30) (31) (32) (33) . We used this approach to compute point estimates of number of area-sensitive and non-area-sensitive forest breeding bird species on all BBS routes of three mid-Atlantic U.S. states for all years during the period 1975-1996.
Another important and related methodological problem typically overlooked in most studies of temporal stability of populations or communities is the importance of considering sampling variance (34) . The variance of a temporal sequence of point estimates of species richness can be written as the sum of two variance components, one of which is relevant to ecological hypotheses (true temporal variance in species richness) and one of which (sampling variance associated with the estimation process) is not. Here, we used a method designed to separate these components and estimate the true temporal variance in species richness for the purpose of investigating the potential association between this quantity and the level of forest fragmentation (34) (35) (36) .
MATERIALS AND METHODS
The BBS provides information on the presence of bird species in North America at a landscape scale (37, 38) . The survey started in 1966 and consists of Ͼ4,000 roadside routes located on secondary roads throughout the United States and southern Canada. Each route is 39.4 km long and is surveyed annually in June. A competent observer conducts 50 3-min point counts at 0.8-km intervals on the roadside, recording all birds heard and seen during the counts. Data are summarized for each route in lists of species detected on each of five groups of 10 point counts. Within the avian species pool, species are categorized in different groups (39) , and we focused here on the forest breeding bird species. We partitioned this group into two subcategories, area-sensitive and non-area-sensitive species, according to studies carried out in the mid-Atlantic United States (24, 25) . Land Use and Land Cover Classification data from the U.S. Geological Survey were used to quantify landscape structure within a circular scene radius of 19.7 km centered on each BBS route (area Ϸ1,200 km2) for the year 1974. A radius of half the length of a BBS route was chosen to guarantee that each landscape scene would contain the whole route. High-altitude photographs, usually at scales smaller than 1:60,000, were used to digitize and transfer land use and land cover data to 1:250,000 base maps in grid format (U.S. Department of Interior, Geological Survey 1987). Several variables were measured and computed to characterize the landscape associated with each survey route (38) . For the BBS routes of the three U.S. states considered (Maryland, New York, and Pennsylvania), the high correlation among habitat fragmentation metrics measured for 1974 in the Land Use and Land Cover Classification prevented us from attempting to disentangle the effects of different components of landscape fragmentation (4) . We thus focused on the global effect of forest fragmentation on the temporal dynamics of the bird communities, and we used the average size of forest patches as the summary statistic reflecting fragmentation: landscapes of BBS routes with a large number of forest patches contained smaller forest patches and a lower proportion of their total area was forested (unpublished data). As this variable was computed at the landscape scale, it incorporates all habitats potentially sampled by counts on the route, including both the area immediately surrounding the survey route and areas more distant to the route.
For each survey route for each year considered, species richness of the two groups of forest birds (area-sensitive and non-area-sensitive species) was estimated by using the jackknife estimator (30) , which allows for heterogeneity among species in their probability of detection. The use of that estimator is justified in ref. 26 . The estimates were computed by using software COMDYN (40) , which was specifically designed for the study of animal communities and which permits interactive analyses of BBS data through the internet (http:// www.mbr-pwrc.usgs.gov/comdyn.html).
Temporal variation in species richness for each BBS route was estimated by using the approach proposed by Link and Nichols (ref. 34 , see also refs. 35 and 36) . The average sampling variance associated with annual estimates of species richness was subtracted from the overall total variance (estimated over time using the point estimates of species richness) to provide an estimate of the true temporal variance in species richness over that period. To express relative year-to-year variability in species number we used the coefficient of variation (CV) of species richness (41, 42) . The CV of species richness was computed as the SD expressed as the proportion of the mean. It was thus the ratio of the square root of the estimated true temporal variance over the mean of the species richness estimates. Over the 22 years considered , only survey routes for which more than 15 annual estimates of species richness were available were used. Negative estimates of temporal variance in species richness were set to 0.
The robust design was applied to estimate parameters of community change as proposed recently (43, 44) . The robust design combines closed and open population capturerecapture models (45) (46) (47) to estimate changes in population size, survival rate and recruitment, and is especially useful when there is strong heterogeneity in the probability of detecting individuals. Applied to communities, this approach allowed us to estimate year-to-year local extinction and turnover rates on each BBS route over the study period (43) .
RESULTS AND DISCUSSION
The average estimated number of area-sensitive and non-areasensitive species on any BBS route in any year was, respectively, 15.2 (SE ϭ 0.14) and 29.8 (0.16) in Maryland, 12.4 (0.10) and 25.2 (0.12) in New York, and 14.1 (0.13) and 26.6 (0.13) in Pennsylvania (all routes and years combined, n equals 1,038, 1,724, and 1,528 route-years, respectively). Twenty-six areasensitive and 49 non-area-sensitive species that were detected at least on one of these BBS survey routes over the study period constituted the basic species pool available to all areas of the three Eastern states considered (Table 1 ). Average species richness over the study period was lower in survey routes in more fragmented landscapes than in less fragmented ones ( Fig.  1 ). Analyses of covariance including state and average forest patch size as covariates showed that this relation was stronger for area-sensitive species than for non-area-sensitive ones (for area sensitive species F 1.153 ϭ 68.73, P ϭ 0.0001, for non-areasensitive species F 1,153 ϭ 18.79, P ϭ 0.001). The final models showed main effects of state (F 2,153 ϭ 3.64, P ϭ 0.0286) and a state by forest patch size interaction (F 2,153 ϭ 4.87, P ϭ 0.0089) for area-sensitive species, but no significant state or interaction effects for non-area-sensitive species. Multivariate analysis of covariance documented that the relationship between patch size and species richness differed for area-sensitive and nonarea-sensitive species (F 1,153 ϭ 17.06, P ϭ 0.0001).
As predicted, we also observed an increase in the CV of species richness of area-sensitive species as average forest patch size decreased, especially for two of the three states (Fig.  2) . There was no association between the CV of species richness and the average forest patch size for the group of non-area-sensitive species within any of the three states (Fig.  2) . Analyses of covariance showed that there was indeed a negative association between the estimated CV of species richness and the average forest patch size for area-sensitive species but not for non-area-sensitive ones (for area-sensitive species F 1,153 ϭ 16.76, P ϭ 0.0001, for non-area-sensitive species F 1,153 ϭ 0.41, P ϭ 0.52). The final models showed no significant state or interaction effects for either species group. Multivariate analysis of covariance documented that the rela-tionship between patch size and CV differed for area-sensitive and non-area-sensitive species (F 1,153 ϭ 14.55, P ϭ 0.0002). The same global results were obtained when we used SD-(log(N)) to express temporal variability in species number.
Thus, our analyses showed that temporal variations in species richness of forest bird species over a period of 22 years were associated with, and may have been affected by, landscape structure. As our approach allowed us to take into account both the detection probability of species and the estimated sampling error, such potentially important sources of bias are not likely to have affected our analyses. This is especially important for testing such hypotheses because sampling variance may differ depending on the landscape structure (sampling variance is linked to the probability of detection of species). For example, sampling variance of species richness tends to be greater when species probability of detection is lower, and could result in misleading inferences about the relationship between landscape structure and temporal variation in the number of species. The probabilistic approach does not provide the exact list of species that are responsible for change in total species richness, but permits more specific inference when applied to different groups of species (e.g., a priori distinction between species area-sensitive and non-areasensitive).
As the landscape structure was characterized only at the beginning of the period over which the temporal variation of species richness was studied (in 1974), subsequent changes in the level of fragmentation of the landscapes may have affected our results. Temporal variation in species richness could have been caused, in particular, by systematic trends in species richness on the survey routes caused by changes in landscape structure. We nevertheless did not find any evidence of a trend in the number of species over time among survey routes. Moreover, when a linear trend in species richness through time was fitted within each survey route, and when this trend was further removed from the total variance of species richness, the results were not different (same final models selected; effect of patch size for area-sensitive species: P ϭ 0.0001 and for non-area-sensitive ones: P ϭ 0.41; the relationship between patch size and CV differs between the two groups: P ϭ 0.001). Such an effect thus is not likely to have affected the analyses. Temporal variations in species richness are the results of local extinctions and colonizations on the landscape. Estimation of local rates of extinction and colonization also must contend with missed species in count data and with heterogeneity in the probability of detecting the different species in a community. For this purpose, we applied the robust design FIG. 1. Relation between the mean species richness over the study period and the average forest patch size of a scene centered on each BBS route in 1974 (average forest patch size was log-transformed). Graphs were drawn for area-sensitive and non-area-sensitive species for the states of Maryland (A), New York (B), and Pennsylvania (C). Mean species richness was computed for survey routes for which more than 15 estimates of species richness were available over the 22-year period considered .
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Ecology: Boulinier et al. Proc. Natl. Acad. Sci. USA 95 (1998) to estimate the parameters of the bird communities (14, 43) , and we found higher average annual rates of local extinction and local turnover (proportion of locally new species) in more fragmented landscapes (unpublished work). These analyses were carried out over the same period and set of BBS routes and thus further suggest that higher rates of both local extinction and local colonization have been occurring in the more fragmented landscapes at that spatial scale. Such dynamical aspects of species composition in highly fragmented landscapes may be relevant to the understanding of the relation between potential risk of regional extinction and deforestation (48) . These results emphasize the need to investigate theoretically and empirically potential associations between changes in ecological integrity through time and changes in landscape structure (49) . Different processes may be responsible for the association between variability in species richness and landscape fragmentation. In particular, different aspects of forest fragmentation may be responsible for changes over time in the number of species (4, 5, 50), and regional and local diversity may be linked by different mechanisms (51) . Investigating the respective role of these effects of fragmentation would require using an array of landscapes with independent variations in the numbers of patches, average patch sizes, and proportions of forest cover. Ideally, such an approach would need to be carried out experimentally to be able to make strong inference about the causal nature of the relationships. The estimation approach we used represents a potentially useful tool to investigate such questions at the large spatial and temporal scales necessarily involved.
This study provides a test of an important prediction linking community stability and landscape structure. Habitat fragmentation not only reduces the numbers of some forest bird species, it also may be responsible for an increase in the subsequent temporal variability of the communities through increased rates of local extinction and turnover at the landscape scale. Our approach moreover provides a set of inference methods to investigate theoretical and applied questions dealing with the dynamics of communities, taking into account variation associated with sampling methods. This should permit investigation of important questions of both theoretical and applied interest to community ecology and conservation in both temperate and tropical ecosystems.
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